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In this thesis we discuss the molecular dynamics simulation study of two
conjugated polymers wrapping around single-walled carbon nanotubes (SWNTs). One is
the widely used PmPV and the other is a PPE-PPV co-polymer. The molecular dynamics
study shows that both polymers can wrap helically around SWNTs. The binding energy
for each wrapped species is extracted, and is found to be sensitive to the “contact area”
between the polymer’s benzene ring and the underlying parallel carbon nanotube. Our
results indicate that the larger the diameters of SWNTs, the greater the binding energy
due to the reduction in the misalignment and the increase of it- it interactions. This
provides useful information for experimental studies.
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Current nanoscale research examines how various microstructures can enable
technology to be smaller, faster, and more efficient. Increasing the performance of
nanotechnologies in order to save time and money, and innovating new applications
requires the examination and leveraging of electronic and physical properties of
nanoscale molecular structures. Progress in computer science as well as fundamental
knowledge of emerging mesoscale systems motivates interdisciplinary observation of
nanoscale molecules and their interactivity with other natural phenomena. For example,
examining interactivity with bio-molecules, synthetic materials, microscopic physical
structures, and many other systems culminates in increased knowledge, predictability,
and plausible advances in analogous scientific fields of study. Furthermore, computer
simulation capabilities have made theoretical observation potentially more cost-effective
than random experimentation.
Our research examines the interactivity and selectivity of Single-Walled Carbon
Nanotubes (SWNTs) with various polymeric structures which exhibit ir- bonding. The
ir-ir bonding uniquely exhibits helical behavior which shows affinity for the cylindrical
geometries of SWNTs, Moreover, the complex microstructures have applications with
technology used in LED screens, biosensors, and transistors. 1-3 Molecular Dynamics
(MD) is used to calculate the characteristic energetic behavior of various systems
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involving SWNTs. Classical observations utilized by MD have been used to refine the
efficiency of process for prediction for the most stable interactive polymeric structures
directly correlated to selected diameters of SWNTs. Previous work has been done on
“filling”.4 This phenomenon is based on the analysis of polymeric structures and their
electronic properties when deposited within SWNTs. The possibility of filling polymers
into nanotubes during real-world composite processing would create the desired structure
bridges between nanotubes and polymers. However, the reality of this has been
considered by observing the van der Waals interactions between the polymers and the
internal surfaces of the SWNTs. MD simulations have been used on polymer chains
initially placed near the opening at one end of the nanotubes along the direction of the
nanotube axis.4 Moreover, further work has been done on the phenomenon of
“wrapping” which leverages the helical structure of polymers as well as the cylindrical
geometry of SWNTs.
Wrapping is defined as the enveloping of polymers about SWNTs.5 Polymer
wrapping of SWNTs has received attention as a means ofpreventing the SWNT’s from
aggregating into bundles. Polymer wrapping of SWNTs may also be a promising way of
manipulating and organizing SWNTs into ordered structures.5
The thesis consists of four chapters. Chapter one explicates the usefulness and
applications of SWNTs. Chapter two provides theoretical analysis of physical
characteristics and electronic characterizations of SWNTs. Chapter three examines the
interactivity of particular polymeric structures and SWNTs. Chapter four presents an
overview of MD used for the calculation and analysis of the structures. Chapter five
summarizes the results of the calculations.
CHAPTER 2
2. SINGLE-WALLED CARBON NANOTUBES
2.1 Introduction
Single-walled carbon nanotubes (SWNTs) are rolled graphite sheets along a
certain angle or vector, which is defined by the chiral indices (11, m). Furthermore,
SWNTs are a specific type of carbon material which is formed based on the hybridization
of orbitals where the structure is one-dimensional with axial symmetry. 6 Classifications
of SWNTs are derived via the use of the mathematical concept of vector analysis.
Moreover, the primary symmetry classifications are achiral and chiral. An achiral SWNT
is defined by a carbon nanotube whose mirror image has an identical structure to the
original structure. “Armchair” and “zigzag” are two prototypes of achiral classifications
that describe the cross-sectional rings. However, chiral nanotubes have a mirror image
which is asymmetrically matched with its original image.
2.2 Geometrical Analysis
The typical diameter range for (SWNT) is approximately 0.7— 10.0 nm with a




Classifications of Single-Walled Carbon Nanotubes
Cross-Section 0 Chiral Vector Shape
Armchair 30° (n, n) cis-type
Zigzag 0° (n, 0) trans-type
Chiral 0°<IO(<30° (ii, m) mix of cis trans
The superior electronic and mechanical properties of SWNTs have led to their
various applications, including flexible electronics, biosensors, and transistors. 1,2,3 The
electronic structure and optical properties of individual SWNT are dependent on the
chiral indices (n, in) which separate the tubes into metallic and semiconducting forms. 6
The chiral indices n and in are derived from the chiral vector given by (2.1). In
APPENDIX B the relationship between the chiral vector and the chiral angle is shown by
deriving the chiral angle from the chiral vector:
(2.1)
The coefficients of the chiral vector are constrained to (O ImP n), and the
mathematical descriptions of the magnitude and direction of the spiral of a given
nanotube are a result of the rolling of an infinite sheet of graphene into a cylindrical
geometry. The coefficients of the chiral vector are used as a nomenclature for the
classification of nanotubes. For example, n = m denotes armchair, in = 0 is zigzag, and
values restricted to (O ImI n) for chiral nanotubes. There are three other basic
physical properties which include length, diameter, and conductance. In order to
calculate the length we must first consider the unit vector as derived from the chiral
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indices . The diameter is also derived directly for the chiral indices which logically
equate to an array of ascending and descending diameters for any given set of indices.
Furthermore, the characterization of the electronic properties of carbon nanotubes is
given via the categories of metallic, semi-metallic, and semi-conducting. The indices can
also be utilized to denote these properties from the following expressions given in Table
2.
Table 2.
Electronic Properties of Single-Walled Carbon Nanotubes
Electronic Mathematical Equivalent
Properties
Metallic (n-rn) 3], where] 0,1,2,3....
Semiconducting (‘n-rn) = 3] + 1 n-rn =3j + 2
The formula for the length of the chiral vector is given by:
L = JChIIn2 + in2 + nm (2.2)
The diameter is then given by:
(2.3)
Furthermore, we observe the chiral angle which is also generated from the chiral indices.
The chiral angle is given by:
6
sin9= where (oiejE). (2.4)
i/n2+m2+nm 6





In reference to the electronic properties of carbon nanotubes, we consider
classifying carbon nanotubes as metallic and semiconducting. When we utilize the
(n, in) nomenclature, we consider, that, if (n, in) is divisible by 3 then the nanotube is
metallic. If(n, m) is not divisible by 3 then we classify the nanotube as semiconducting.
For example, (12., 6) is considered metallic whereas (8, 6) is considered semiconducting.
The presence of multiple (n, in) chilarity of SWNTs in a given sample poses a major
barrier toward realizing the exceptional electronic and mechanical properties.
CHAPTER 3
3. CONJUGATED POLYMERIC INTERACTIVITY WITH SWNTs
3.1 Introduction
Polymers are large molecules composed of structural repeating units connected by
covalent bonds that occur both naturally and synthetically. Srebnik states that the a-
helix structure is a recurring ordered structure. The research examines the binding
energy which results in the ordered conformations of the chains around the tube. A
helical conformation was found to be the optimal configuration for a string of finite
thickness inside confined geometries. We, specifically, consider the planar ir- rr
interactivity with single-walled nanotube surface. The combination of these
configurations has led to their use in various applications, including flexible
electronics, biosensors, and transistors. The individual tube is strongly held together
with others within a mixture of metallic and semi-conducting tubes.
Realization of the true potential of SWNTs in applications such as those listed
above is dependent on our fundamental understanding, not only of how to effectively
disperse the bundled SWNTs but also of how to isolate a specific SWNT from the
mixture of the various tubes. Separation of specific tubes from a mixture can be
achieved by addition of a non-reactive chemical reagent which exhibits different
affinity toward different species of SWNTs. A strong interaction between the added
reagent and a SWNT is necessary to disperse a tightly held SWNT from the bundle.
7
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The maximum interaction will take into consideration the electronic properties,
chiralities, and diameters of the existing SWNTs in the mixture. The ability of a small
molecular surfactant to assemble in to a favorable three dimensional structure is
demonstrated to be a useful strategy in achieving the selective chiral tube separation.
Conjugated polymers represent another class of materials that n- rr bonds can
effectively discriminate between different SWNT species. The chromophore backbone or
side chain of the polymers can be tailored to exhibit the suitable affinity as observed in
the small molecular surfactants. In addition, a ir -conjugated polymer can form a
uniquely ordered three-dimensional structure, which opens up new opportunities to
achieve improved SWNT dispersion and separation. All of the above characteristics can
be applied to the theoretical and experimental study of nanotubes. The theoretical
analysis of carbon nanotubes consists of the use of molecular dynamics which can be
studied from the classical and quanturn-niechanical perspective.
Furthermore, the classical perspective leverages the physical properties in order to
realize the minimum energy of a given structure via geometrical optimization.
Geometrical optimization is a calculation which yields the most stable structure which is
directly proportional to the lowest energy possible for a given arrangement of particles
for a given structure. In the as-prepared sample, the individual tube is strongly held
together with others within a mixture of metallic and semi-conducting tubes. Molecular
engineering (tube cutting, separation, manipulation, and assembly) of SWNTs will play a
vital role in the realization of the true potential of SWNTs in applications. Separation of
a specific tube from a mixture of SWNTs represents a major challenge in the field, and
can be achieved by addition of a dispersing reagent which exhibits different affinity
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toward different species of SWNTs. The known examples include using an alkyl amine,
porphyrin, pyrene, flavin and DNA. A strong interaction between the added small
molecular reagent and a SWNT is necessary to disperse a tightly held SWNT from the
bundle. It should be noted that the chiral indices (ii, in) of SWNTs are well correlated
with the tube diameters, which can be used to guide the tube separation. The ‘jt
conjugated polymers, such as poly (9, 9-dioctylfluorenyl-2, 7-diyl) derivatives, represent
another class of interesting materials that can effectively discriminate between different
SWNT species.6’8 The chrornospheres, backbone or side chain, of the polymers can be
tailored to exhibit the suitable affinity as observed in the small molecular surfactants. In
addition, a 7t-conjugated polymer can form a uniquely ordered threedirnensional
structure, which opens up new opportunities to achieve improved SWNT dispersion and
separation.
Hereafter, we use bold numbers in order to refer to the structure listed as Figure 1.
Po ly ftrn-phenylenevinylene)-ait-(p-phenylenevinylene)j (PmPV) 1, the most studied
polymeric dispersing reagent, is capable of forming a helical conformation to favorably
embrace SWNTs of certain diameters. 7,23 Molecular modeling study indicates that the
helical conformation of the ‘n-conjugated backbone of lb forms a defined cavity (l.3
nm) which provides a favorable environment to selectively host SWNTs of comparable
diameters (about 1.1-1.3 nm). 23 A fundamental question is whether this conformational
cavity can be tailored to tune the interaction of the wrapping polymer with different sizes
of SW’NTs. Wrapping of a polymer chain on the nanotube surface depends on the
polymer chain’s flexibility to adopt a random coil or helical conformation.
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The previous study has shown that [(rn-phenyleneethynylene)-alt-p
phenyleneethynylene)] (PmPE) 2 has a low Mark-Houwink exponent (c0.65 in THF),
indicating a high level of chain flexibility. 24 The observed chain flexibility from 2 can
be attributed to the low rotational barrier (‘—O.64 kcal/mol) around a carbon-carbon triple
bond 25 As a result of 7t-conjugation interruption at the ineta-phenylene linkages, the
effective chromophores in lb and 2 can be represented by the molecular fragments 3 and
4, respectively. Integration of both chromophores 3 and 4 into a single polymer has led
to the synthesis of co-polymer 5, which exhibits electroluminescence and lasing
properties. 26-27 Molecular modeling of the polymer (Figure 1) indicates that the
conformational cavity resulting from the helical conformation of 5 is slightly larger than
that of 1, suggesting the possibility to selectively wrap SWNTs of larger diameters as
shown in Figure 2. It further observed from Figure 2 that there is some interactivity
between the polymer and the (8, 8) tube yielding a helical patterned supramolecule.
A literature survey shows that interaction of a rod-like poiy (p
phenyleneethynylene) derivative with SWNTs provides a nonwrapping approach to
disperse nanotubes without observing any selectivity. 28 The first example utilizes the
phenyleneethynylene-containing polymer to achieve selective wrapping.
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3.2 Results and Discussion
3.2.1 Molecular Modeling
The size and stability of the natural conformation cavity of a polymer is largely
dependent on the 7t-conjugated backbone. The intrinsic conformational cavity size of
polymer 5 was estimated by using HyperChem software. The geometry of the molecular
fragments 3 and 4 were optimized, and the optimized fragments were used to construct
polymer 5. Interaction of 5 with nanotube showed that the polymer retained the
capability to form a helical conformation (Figure 1). The distances across the
conformational cavity were measured to be —‘1 .6 nm for 5, exhibiting a notably larger















Figure 2. Molecular modeling of oligomer 5 (cyan color) wrapped on a (8, 8) SWNT
(brown color) when viewed from top (a) and side (b). The polymer adopts a helical
conformation during the wrapping interaction.
Fundamental control over supra-molecular self-assembly for materials on the nanoscale is
a major objective of nanoscience and nanotechnology. In order to explore the full
potential of the intriguing mechanical and electronic properties, single-walled carbon
nanotubes (SWNTs) rely almost exclusively on supra-molecular self-assembly to create
complex supra-molecular structures that carry out diverse functions. By helically
wrapping soluble n-conjugated polymers onto SWNTs, the bundled SWNTs can be
effectively separated predominantly in accordance to size selectivity. While these helical
nanohybrids preserve the desired electronic properties of the SWNTs, the limitations of
n-conjugated polymers as debundling agents for separating individual carbon nanotubes
are also apparent.
The modular structure and hierarchical assembly properties of n-conjugated
polymers make it very amenable to rational design for nanoscopic construction using
supra-molecular assembly. Different conformations with different specificities can
exhibit very similar interaction geometries and therefore can be modularly swapped to
redirect supramolecular assembly. Our theoretical modeling in this work shows that the
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co-polymer soluble PPE-PPV copolymer exhibits self-assemblage behavior. The reason
for this is due to the 2t- bonds. In order to understand interfacial chemistry and
dispersion mechanism, we have employed force-field-based molecular dynamics (MD)
and first-principles density functional calculations to study the structural and electronic
properties. Force-field-based MD is used to investigate the wrapping process and the
binding properties, and first-principles calculations are employed to determine the
electronic structure. One of the important objectives in SWNT research is to improve the
nanotube’s electronic properties for future technology app! ications.
3.2.2 Wrapping mechanism
The helical wrapping of the copolymer onto the SWNTs were investigated
through force-field based molecular dynamics simulations. While the triple bond
segments uphold straight chain-like configurations, the trans linkage has certain
flexibility to adjust its conformation during wrapping, and the wrapped polymer
successfully adopts a helical conformation. The PV fragments in the PmPV and PPE
PPV polymers are perpendicular to the tube during the helical wrapping process. As a
result, one observes similar helical wrapping process. The binding energies of polymers
with SWNTs are due to a combination of electrostatic and van der Waals (vdW)
interactions. As a consequence, the electrostatic interactions are stronger than vdW
binding for nonconjugated molecules, which may explain why nanotubes are generally
dispersed better with conjugated polymers. In general, the binding energy can be
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estimated from the difference between the potential energy of the composite system and
the potential energies for the polymer and the corresponding SWNTs given by Eq. (3.1)
E = ESWNT + Epoiymer+Etota, (3.1)
where Etotaj is the total potential energy of the nanohybrid, EsWNT is the energy of the
nanotube without the polymer, and Epoiymer is the energy of the polymer without the
nanotube. The binding energies between the PmPV and PPE-PPV wrapping are very
small in cases within the error bar of the calculation —S kcal/mol. To facilitate better
understanding of this, it is instructive to replace, in the PmPV wrapped conformation, the
corresponding double bonds with triple bonds, and then re-optimize the conformation. In
all such cases, the resultant binding energies are very close for the same tube wrapped.
3.2.3 Effect of Side Chains
The side chains corresponding to the experimental settings are included explicitly in
the calculation. The side chains inevitably overlap between each other during the
wrapping process, thus resulting in looser helical conformations than the simulation
without it. This also correlates to the fact that the selected size range for longer chains is
1.3 — 1. 45 nm, longer than the results we obtained for PmPV, 1.15 -1.3 am. The side
chains also tend to run parallel to the SWNT surfaces. Consequently, the PV segment
eventually adopts a flattened conformation after dynamical wrapping process. The
aqueous solution can also lead to flattening of the PV segments in polymers as the water
molecules are able to go through inside the tube but are excluded from the interface. The
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exclusion of water leads to an enhancement of the hydrophobic interaction, and thus is
helpful for the polymer wrapping and flattened conformation. However, our present MD
simulations indicate that there is little geometry change of the wrapped tube in aqueous
solution. In particular, the interfacial distance between PPE-PPV and the nanotube
remains intact.
3.2.4 Size Selectibility
The PmPV wrapping onto the SWNTs leads to selection of three largest tubes in
the sample (11, 6), (11, 7) and (12, 6). The predominant mechanism for the selective
enrichment is due to size selectibility. The size selectivity amounts to the preference of
larger diameter tubes due to the reduction of misalignment between polymer and the tube,






Figure 3. Shows the calculated binding energies for 1/SWNT (black empty squares) and
5/SWNT (red open circles) wrapping around various species of tubes with diameters of
0.7-1.3 nm using molecular dynamics and MM+ force field.
The resulting calculated binding energies are shown in Figure 3 for PmPV and
PPE-PPV, respectively. We also utilize the rotation tool in order to generate different
views and further optimize the structure which amounts to a defect configuration. This
enables the manipulation of varying nanotube structures and allows intuitive application
of symmetry to primary and secondary structures in a three dimensional manner. The z
rotation, x-y translation, and zoom perform similar functions. An example of the use of
these tools consists of the technique which is used in order to smooth the outer edge of
the polymer which effectively lowers the binding energy of our primary and secondary
structures. We can take an arbitrary second nanotube and rotate about our primary





Following this process allows us to obtain the minimum binding energy possible.
We select both the secondary and primary structures and then perform a geometrical
optimization in order to calculate the binding energy. Furthermore, we highlight one of
the structures, and translate and separate the structures to arbitrary positions away from
each other. We then select the single point calculation from the molecular dynamics
menu. Given the two resulting numerical values we are now able to calculate the binding
energies given any two primary and secondary structures. We are able to generate two
plots of energy vs. diameter by using this method. The MM+ implementation does
however present some differences and extensions compared to the original MM2. The
MM+ code has for example, in addition to a “missing parameter generator,” also been
modified to allow molecular dynamics calculations. The MM+ field has a simple bond
order scheme that can be utilized for conjugated systems. For the purpose of molecular
dynamics, the stretch energy term has been modified from the original to prevent the
cubic stretch catastrophe, where the energy falls to negative infinity when distance
increases to large values. Furthermore, the non-bonded terms are modified to allow a cut
off for proper treatment of periodic boundary conditions.
CHAPTER 4
4. WRAPPING METHODOLOGY
Polymer wrapping of SWNTs has received attention as a promising way for
manipulating and organizing SWNTs into ordered structures and improving their
dispersion into the matrix of the composites. Experiments for the wrapping of SWNTs
with poiy (m-phenyleneviny-co-2, 5-dioctyloxy-p-phenylenevinylene) have also been
reported. To simulate the interaction between polymers and SWNTs, MD simulations
were established with the polymers initially placed at the side of the SWNTs. The
simulation showed that all four molecular chains would stretch and move toward the
nanotubes until they finally wrapped on the surface of the helix of the nanotube and the
equilibrium was achieved. It is important to note that the aromatic rings of PPV and
PrnPV molecules gradually orientated to align their ring planes parallel to the SWNT
surfaces during the dynamic interactions. The dynamic behavior of the polymer
molecules (See Figure 5, page 19) can be illustrated by tracicing the interaction energy.
Following the conversion of a Material Studio file to an AtomSmith file, we consider a
given polymer and an (n, m) nanotube structure. The methodology that we use leverages
the intuition of considering a polymer as a linear mass and the nanotube as an arbitrary
rod. We visualize the polymeric structure as a ribbon of some mass (m), and we create a
fixed point atop of the rod by creating a bond between the primary structure (the
nanotube) and the secondary structure (the polymer).
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We then create a series of successive bonds and perform a series of
geometrical
optimizations. The bond is deleted after the completion of each optim
ization. Ideally, by
performing the aforementioned tasks, we obtain geometrically opti
mized structures. As
seen in Figure 4, both structures have a round distortion. The in
terfacial distances
between the two structures (10, 6) and (8, 8) are also approximat
ely equal. The method
we use to generate Figure 4 is called the self- assembly process
.
(10, 6) (8, 8)
Figure 4: Shows the optimized wrapped structures for a proto
type semiconclucting (10,
6) tube and the metallic (8, 8) tube.
Data was collected from successive optimizations of various s
pecies of tubes as shown in
Figure 4. The binding energy for PPE-PPV was calculated in
reference to steadily
increasing diameters. A positive slope was observed such tha
t as the binding energy
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increased the diameters of the SWNTs increased as shown in Figure 5. Future work will
include examining larger diameters up to 1 .5nm for PPE-PPV. Similar calculations were
also performed as shown in Figure 6 for PmPV. The trend for the
binding energy versus the diameter is again a positive slope and there is a plateau starting
at the SWNT (11, 7). Further calculations and modeling are needed in order to ascertain
the actual selectivity in either structure. The data used for Figure 5 is given in Table III




Figure 5: The calculated binding energies for various species of SWNTs with diameters
of 0.71.3 nrn using molecular dynamics with MM+ and CHARMM force field for
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Figure 6: The calculated binding energies for various species of SWNTs with diameters
of 0.7-1.3 nrn using molecular dynamics based MM+ and CI-IARMM force fields for
optimized structures of PmPV.
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Table 3.
The diameters and corresponding binding energies of tubes and polymers using the
CHARMM fields for PPE-PPV (See Figure 5). The unit of energy is kcal/mol.
(n, in) Ebjflajfly(CHARMM) d(nm)





(10, 5) 178 0.923




The diameters and corresponding binding energies of tubes and polymers using MM+
field for PPE-PPV (See Figure 5). The unit of energy is kcal/mol.
(n, in) Ebjfldjflg(CHARMM) d (nm)
(8, 3) 206 0.771
(7,5) 210 0.817
(8,4) 213 0.821
(7, 6) 214 0.882






The diameters and corresponding binding energies of tubes and polymers using the
Cl-JARMM and MM+ fields for PrnPV (See Figure 6). The unit for energy is kcal/mol.
(17, m) E(MM+) E(CHARMM) d (nm)
(8,3) 166 199 0.771
(7,5) 170 208 0.817
(8, 4) 173 209 0.82 1
(7,6) 174 215 0.882
(9,4) 178 212 0.903
(10,3) 178 216 0.923
(8,6) 178 219 0.952
(9,5) 175 218 0.962
(8,7) 182 221 1.018
(10,5) 182 222 1.036
(8,8) 182 221 1.085
(11.6) 183 223 1.169








The chiral angle has been calculated in degrees with the appropriate chiral indices (SEE
APPENDIX A & B)
















5. DISCUSSION AND CONCLUSION
Our study suggests that among the mixture of tubes, the larger diameter ones are
favored and these are found to be separated in the experimental study of PmPV. The (11,
6), (11, 7), and (12, 6) are indeed the three largest diameter tubes in the sample. The
question arises as to the selectibility in a certain range. When nanotubes are grown, the
result is a bundle of nanotubes which have random grouping and clusters of SWNTs with
different diameters. In order to meet the specifications of different potential commercial
applications, particular diameters are often desired. The activity of extracting a specific
diameter SWNT from a bundled group of SWNT’s is called selectibility. For example,
the polymers that we have chosen tend to exhibit electroluminescent properties that are
useful in LEDs. So, we have examined the most likely SWNT range that would be useful
in experimentation, development, and implementation.
According to our calculations, the most stable structures for PmPV and PPE-PPV
were projected to be around the 1.2 nm and 1.3 nm range. This conclusion is due to the
minimization in the misalignment of the SWNTs and the polymers in this given range.
Furthermore, as the diameter of SWNTs increases, there is also an increase in the
flattening of the surface in conjunction with the n-bonding interaction of the polymeric
structures. The theoretical wrapping was successfully achieved via the implementation of
molecular dynamics, and the minimum energy was found for the range of SWNTs
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selected. Our results are also in agreement with the affinity for helically patterned
polymeric structures for the cylindrical geometry for SWNTs as realized by the minimum
energy configurations after several molecular dynamic calculations.
In summary, in this thesis we presented results of force-field molecular dynamics
studies of conjugated polymers onto SWNTs with different chiralities. The force-field
based molecular dynamics simulation indicates that the conjugated-polymers, PmPV and
PPE-PPV, prefer to wrap around SWNTs helically. With regard to the question if there
exists a diameter range for the preferred selection, our results are inconclusive. There is
certain indication from CHARMM force-field calculations that the conjugated polymers
have preferred diametcr range around 1.3 nm, in agreement with experimental
observations. Table 6 (page 24) shows the range of chiral angles calculated from the
chiral index (n, m) using Equation (2.4) (page 5) and Java programming.
APPENDIX A
JAVA PROGRAM
Calculation of Chiral Angle
2 import java.util.Scanner;
3 public class MathMethods
4{
5 public static void main(String [] args)
7 Scanner scan new Scanner(System.in)
8
9 System.out.println(”\n Eneer first index n>’);
10
11 mt n = scan.nextlnt()
12 System.out.println(”\n Enter second index rn>’)
13 mt m = scan.nextlntO;
14
15 double h= 2*n + m;
16 double i = n*n +m*m +n*m;
17 double j= Math.sqrt(i);
18 double k= 2*j;
19 double z = h/k;
20 double q= Math.acos(z);
21 doub degrees = Math.tolDegrees(q);
22




The chiral vector is given by
- -
Ch=nal+ma2 (2.1)
If we consider that the angle between unit vectors and for benzene is 600 then our
vector notation yields
= n(1,O) + m() (Al)
= (n, 0) +
/ mfm
= (x, y) (A2)






The chiral angle can therefore be found such that
tan 0 =‘
=
() (—) = (A5)x 2 n+7 2n+m
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